This study aims to clarify fume formation mechanism theoretically through visualization of fume shape. In this paper, influence of quenching rate on fume formation process was investigated through numerical analysis with the fume formation model. The fume formation model consisting of heterogeneous condensation model, homogeneous nucleation model and coagulation model has been developed. The fume formation process under the condition assuming fume formation from iron vapor in MIG welding was visualized through visualization with numerical simulation. As a result, it was found that around 1000K, diameters of secondary particles approach an order of hundred nanometer at maximum. Those typically become chain shape consisting of primary particles. The diameters of primary particles become larger for lower quenching rate because of occurrence of coagulation among particles in liquid phase.
Introduction
In arc welding, high temperature metal vapor is generated from the melting tip of a welding wire, a droplet and a weld pool 1) . This metal vapor is cooled rapidly during diffusion to surroundings of the arc. Then primary particles of metal with 1nm~100nm in those sizes are formed through the nucleation from the metal vapor. Furthermore, a part of those particles condense and produce secondary particles with over 1 m maximum in sizes. The particles form smoke which ascends from the arc and this phenomenon is called fume in welding 2) . Until now, most of papers show chemical composition and generation rate of the fume in comparison with welding conditions for the gas metal arc (GMA) welding because of high utilization at various manufacturing industries in the world. For example, Kobayashi et al observed a state of fume generation in shielded metal arc welding by employing a high speed video camera. It was qualitatively explained that metal vapor which has evaporated mainly from the droplet was released from the lower part of the arc column and generated the fume due to rapid cooling with condensation and oxidation. They also showed that amount of metal vapor from the droplet was greater than that from the weld pool 2) . Jenkins et al measured chemical composition of fume in shielded metal arc welding and GMA welding by Energy Dispersive Spectrometry (EDS) 3) . Bosworth et al discussed influence of droplet size on fume generation rate in GMA welding 4) . However, research approach to the clarifying of theoretical mechanism of fume formation is few, because the previous research approach has been almost conducted by experimental observations. In order to control fume properties such as shape, chemical composition, generation rate and so on for decreasing toxic characteristic, it is necessary to clarify fume formation mechanism theoretically. However direct observation of fume formation process is difficult because it progresses in high temperature region and is completed in extremely short time. . In this study, the fume formation process was visualized and the fume formation mechanism was theoretically clarified through numerical analysis.
However, the fume formation mechanism in arc welding is still not clear. This study aims to clarify fume formation mechanism theoretically through visualization of fume shape. In this paper, influence of quenching rate on fume formation process is investigated through numerical analysis with the fume formation model developed in our previous study 5) .
Simulation model
The fume formation model consists of a homogeneous nucleation model, a condensation model and a coagulation model. Osaka University partial pressure, the temperature and the cooling rate at a given nucleation site. These are calculated using a numerical model of the arc welding process that self-consistently includes the electrode, arc and weld pool, as described in 5) .
In the fume formation model, the following steps are considered:
(1) Supersaturation of the iron vapor as the plasma gas cools; The methods used in the model are considered in the following subsections.
Homogeneous nucleation model of primary particle
In this paper, Friendlander's liquid-drop model in which all the nucleuses are assumed to be generated in liquid phase is employed 6) . In theory, the homogeneous nucleation can arise if the degree of supersaturation exceeds 1. It is assumed that the nucleus with a critical diameter d pcri is generated due to the nucleation. The critical diameter is the smallest nucleus's diameter and a nucleus can exist stable if its diameter is larger than the critical diameter which is represented by the equation S n N J (2) Where N is a normalization constant written by equation (3) .
The Brownian collision between iron atoms. is represented by the equation (4) which is applicable if Knudsen number is more than 10. This value becomes 1000 at least through this simulation.
The n l is number density of iron atoms.
is a dimensionless surface energy expressed by equation (5). Where n s is the iron atom concentration for the saturated vapor, v l is volume of the iron atom and s 1 is surface area of the iron atom.
Heterogeneous condensation model of primary particle
When the particle growth is governed by the heterogeneous condensation of the vapor, an equation for the growth rate G, which is change in diameter per unit time, expressed below can be obtained from a material balance over the growing particle and is represented by the following equation 8) .
Where R g and R c are the molar densities of the gas phase and the condensation phase, respectively. D g is diffusion coefficient defined as v /3, is mean free path of iron atoms, v is mean speed of iron atoms 9) . (X-X s ) represents difference of gas-phase mole fraction and equilibrium state mole fraction. K n is the Knudsen number defined as K n = d p .
Coagulation model of secondary particle
The primary particles generated by the nucleation grow up through not only the condensation of iron atoms but also the coagulation caused by collisions between particles. In this model, the coagulation process is calculated by analyzing movements and collisions of particles distributed in the simulation region. A two-dimensional simulation region for the coagulation model is defined for time shorting. The size of the region is determined by the number density of primary particles obtained from the primary particle model to include 500 particles in the region. The three dimensional number density of primary particles determined by the primary particle model is converted into the two dimensional number density by raising it to the 2/3th power. When the nucleation occurs, a primary particle is posted at a random position in the region. The initial particle velocity is determined with thermal velocity. The sum of the momentums is conserved through a particle collision. If particles collide at temperature above the melting point (at T = 1730 K), they fuse into one spherical particle conserving their volumes. In other case, they attach each other like a chain shape depending on the temperature comparing with the melting point. A particle escaped from a boundary of the region is injected from the opposite boundary with the same velocity vector.
Calculation conditions
Generally the nucleation occurs around 2,000K. Therefore, the initial temperature is set to be 3,000K as that in the upstream . Compositions of shielding gas and metal vapor are argon and iron, respectively. Below the melting point, they attach each other because of change to solid phase. Consequently, around 1000K, diameters of secondary particles approach several hundred nanometer at maximum. Those typically become chain shape consisting of large particles as shown in Fig. 4 (a) . On the other hand, in case of 10 6 K/s, the coagulation occurs in temperature mainly smaller than the melting point. So, partilces become chain shape through the coagulation. It is seen that especially, diameters of secondary particles rapidly increased just below the melting point due to coagulation among secondary particles in solid phase. Around 1000K, diameters of secondary particles approached 100nm at maximum. Finally, the secondary particle typically consists of small particles which range like a chain. 
Result and discussion

Conclusions
This study aims to clarify fume formation mechanism theoretically through visualization of fume shape. In this paper, influence of quenching rate on fume formation process was investigated through numerical analysis with the fume formation model developed in our previous study 5) . The fume formation process under the condition assuming fume formation from iron vapor in MIG welding was visualized through visualization with numerical simulation. As a result, it was found that around 1000K, diameters of secondary particles approach an order of hundred nanometer at maximum. Those typically become chain shape consisting of primary particles. The diameters of primary particles become larger for lower quenching rate because of occurrence of coagulation among particles in liquid phase.
